The objectives of this study were to: (i) evaluate the growth of low-strength phenol-acclimated activated sludge, (ii) investigate the degradation pathways and (iii) model the growth and biodegradation kinetics, all under the condition of increasingly higher phenol concentrations (step-up shock loading). With the use of activated sludge acclimated to phenol concentration of 140 mg•ℓ −1 (low-strength phenol-acclimated activated sludge), complete degradation of phenol with a COD removal efficiency of more than 95% was achieved up to 1 050 mg•ℓ −1 of initial phenol concentration. At low initial phenol concentrations, the experimental results were indicative of the meta-cleavage pathway for phenol degradation. When the initial phenol concentration was above 630 mg•ℓ −1 , the degradation results were indicative of both meta-and ortho-cleavage pathways. The values of the Haldane kinetic parameters indicated a low degree of inhibition exerted by the presence of increasing phenol concentration. This was substantiated by the observation that the rate constant of phenol removal decreased by only 33% even though the initial phenol concentration was increased by 15 times from 70 to 1 050 mg•ℓ −1 . Thus, the activated sludge acclimated to only 140 mg•ℓ −1 of phenol could successfully treat up to 1 050 mg•ℓ −1 of phenol without experiencing complete inhibition during the degradation process.
INTRODUCTION
Phenol is found in the effluents discharged from many industries, including petroleum refining, resin and plastics, chemical and petrochemical, coke ovens, pharmaceuticals and agro-industrial industries. Because of phenol's high toxicity effects and suspected carcinogenicity to living organisms even at low concentrations, its presence, especially in aqueous media, is stringently limited by regulations. The World Health Organization (WHO) has set a limit level of 1 mg•ℓ −1 to regulate the phenol concentration in drinking waters (Nuhoglu and Yalcin, 2005; Kilic, 2009) .
Biological treatment processes for phenol have been shown to be more cost-effective, practical and highly reliable as they lead to a low possibility of by-product formation (Lim et al., 2013) . Batch and continuous processes using either pure or mixed cultures are employed for the treatment of phenolcontaining wastewaters (Buitron and Gonzalez, 1996; Yeom et al., 1997; Gonzalez et al., 2001; Gallego et al., 2003; Moharikar and Purohit, 2003; Chan and Lim, 2007; Kobayashi et al., 2007; Yang and Lee, 2007; Zhao et al., 2009; Saravanan et al., 2011) . Mixed cultures have been shown to be more efficient when the emphasis is placed on the complete mineralisation of toxic organic compounds. Many pure culture studies have revealed that toxic intermediates accumulate during the biodegradation process leading to low COD removal efficiency (Saiqa et al., 1998; Wang and Loh, 1999; Dos Santos et al., 2009; Banerjee and Ghoshal, 2010) . Therefore, the treatment of phenol in industrial effluents using activated sludge process in which a mixed culture is in action would be more meaningful, informative and practical. The main advantage achieved by the microbial consortium formed is the interaction among all the species present in the floc. The structure and toxicity differences among the phenolic compounds or intermediates produced during the degradation can be further mineralised by the mixed culture containing various bacteria with specific qualities. Kim et al. (2002) had documented that the degradation of phenol and 4-chlorophenol by Pseudomonas testosteroni CPW301 was seriously inhibited by 2,4,6-trichlorophenol. However, a mixed culture of Pseudomonas testosteroni CPW301 and Pseudomonas solanacearum TCP114 (which could only degrade 2,4,6-trichloro phenol) could treat phenol, 4-chlorophenol and 2,4,6-trichlorophenol completely and overcome the inhibition of substrates to other microorganisms.
Industrial wastewaters can contain phenol concentrations across a wide range (1-3 000 mg•ℓ −1 ) (Banerjee and Ghoshal, 2010) . Sudden increases of concentration (shock loads) commonly occur and are responsible for disruption in industrial wastewater treatment facilities inoculated with low-strength phenol-acclimated activated sludge. As the growth of this low-strength phenol-acclimated activated sludge towards the biodegradation of wastewater laden with high phenol concentrations is not well understood, further investigation is deemed necessary.
Aerobes are basically more efficient in degrading phenol because they grow faster than anaerobes. During aerobic degradation, phenol is initially converted to catechol. Cleavage of the catechol is typically achieved via ortho-(intradiol) or meta-(extradiol) pathways, leading to the formation of 696 cis, cis-muconic acid or 2-hydroxymuconic semialdehyde (2-HMSA), respectively. Cis, cis-muconic acid is converted into muconolactone for ortho-cleavage and 2-HMSA is either oxidised to 4-oxalocrotonate or hydrolysed to 2-oxopent-4-enoate in the case of meta-cleavage (Lin et al., 2000; Banerjee and Ghoshal, 2010) . The products of both ortho-and meta-cleavage pathways are further metabolised in the tricarboxylic acid cycle (TCA). Nevertheless, the degradation pathways might change with a variation of initial concentrations of phenol (Loh and Chua, 2002) . Thus, verification on similar pathways followed by low-strength phenol-acclimated activated sludge during biodegradation is necessary, as the phenol concentration in real wastewater can fall within a wide range.
During most periods, industrial bioremediation systems receive effluents containing low concentrations of phenol, leading to the development of low-strength phenol-acclimated activated sludge. It is therefore crucial to understand the response of the low-strength phenol-acclimated activated sludge when treating wastewater loaded with high phenol concentrations (shock loading condition). Many previous studies have concentrated on the treatment of phenol at concentrations lower than the acclimated concentrations (Saravana et al., 2008; Ng et al., 2009; Cristen et al., 2012) . Therefore, the objectives of this study were to:
• Evaluate the growth of low-strength phenol-acclimated activated sludge • Investigate the degradation pathways • Model the growth and biodegradation kinetics, all under the condition of increasingly higher phenol concentrations (step-up shock loading).
EXPERIMENTAL

Culturing of low-strength phenol-acclimated activated sludge
The activated sludge used in the batch experiments was collected from a municipal sewage treatment plant in Penang. (42) . The reactor was operated with the following sequences: instantaneous FILL, 0 h; REACT, 12 h; SETTLE, 1.5 h; DRAW, 1 h and IDLE, 9.5 h for a cycle time of 24 h. During each cycle, 9 ℓ of base mix was introduced into the reactor and the same volume of treated effluent was withdrawn during the DRAW period. The sludge age was maintained at 40 days by wasting an appropriate amount of mixed liquor at the end of the REACT period. After the attainment of the steady state, the base mix was spiked with phenol so that the phenol concentration in the mixed liquor during the initial REACT period was 140 mg•ℓ −1 . Upon reaching the quasi-steady state, which took about 5 months, the mixed liquor volatile suspended solids (VSS) concentration in the SBR was determined according to Standard Methods (APHA, 1998) and found to be 4 500 ± 100 mg•ℓ −1 .
Batch experiments
After attaining the quasi-steady state (defined as a fairly constant reaction time for the complete mineralisation of phenol), activated sludge suspension samples which were obtained from the SBR at the end of the REACT period to avoid the presence of carbonaceous matter were used for the batch experiments in the following sections. The samples contained activated sludges which had been acclimated to the base mix (phenolunacclimated activated sludge) and phenol-containing-base mix (phenol-acclimated activated sludge), respectively.
Specific oxygen uptake rate
In the specific oxygen uptake rate (SOUR) measurement, 50 mℓ of both phenol-acclimated and unacclimated activated sludges were aerated until saturated with dissolved oxygen (DO). The activated sludge was then poured into several BOD bottles containing 260 mℓ of base mix. The bioactivity of the phenol-acclimated and unacclimated activated sludges in terms of SOUR were studied with increasing initial concentrations of phenol from 0 to 1 050 mg•ℓ −1
. The change of DO concentration with time in each bottle was measured at 10 s time intervals using a DO meter (YSI 550A) with adequate mixing provided by a magnetic stirrer. After the DO measurement, the sample was filtered for VSS determination. The SOUR of each sample was calculated by dividing the slope of the DO decline curve with the VSS concentration in the bottle.
Phenol degradation study in batch reactors
The phenol degradation experiment was conducted in a beaker filled with 1.4 ℓ of base mix. Low-strength phenol-acclimated activated sludge suspension cultured earlier was then added into the beaker to attain a VSS concentration of 800 ± 50 mg•ℓ , respectively, throughout the reaction period. Frequent sampling was conducted for the determination of phenol and COD concentrations until phenol was completely degraded in the mixed liquor. The phenol concentrations were measured spectrophotometrically by the colorimetric 4-aminoantipyrine method at a wavelength of 500 nm, as described by Standard Methods (APHA, 1998). The COD concentrations were also determined according to Standard Methods (APHA, 1998) using the closed reflux and titrimetric method. The biomass growth in terms of VSS concentration was also monitored via optical density (OD) measurement at 600 nm (Wang and Loh, 1999; Cui and Li, 2009 ). In addition, the samples were scanned in the UV region for the presence of intermediate products during the phenol degradation period. Abiotic experiments using autoclaved activated sludge for all the phenol concentrations studied under the same conditions were conducted to determine the removal of phenol via other processes such as volatilisation and adsorption. It was found that the total phenol loss due to physical processes was less that 4% for all the batch experiments performed.
RESULTS AND DISCUSSION
Bioactivity of the activated sludge
The mean SOUR values for both phenol-acclimated and unacclimated activated sludges are shown in Fig. 1 . In contrast, the SOUR value for the unacclimated sludge decreased by 84% to 20 mg-O 2 g-VSS -1 h -1 for the corresponding increase of phenol concentration. Overall, the results show that the bioactivity of the acclimated sludge, despite being acclimated to relatively low phenol concentrations, was only slightly affected by the shock loading of higher phenol concentrations.
Phenol degradation
Removal efficiency profiles of phenol and COD at various initial phenol concentrations by acclimated activated sludge are shown in Figs. 2a and 2b , respectively. It was observed that phenol was completely degraded in all the concentrations studied without any observable lag phase, even though the initial concentration of phenol was as high as 1 050 mg•ℓ −1
. During the biodegradation, COD removal efficiencies of more than 95% were attained in all the batch experiments studied. In contrast, initial phenol concentrations of only 15 mg•ℓ −1 were capable of inhibiting the phenol-unacclimated activated sludge. A lag phase of 2 h could be observed before phenol was completely degraded at the end of 8 h. These results further underscore the importance of acclimation processes in the biodegradation of phenol.
Degradation pathway
The UV absorption at 375 nm has been reported to be assigned to 2-HMSA (Saiqa et al., 1998; Banerjee and Ghoshal, 2010) . This peak appeared in the UV spectra for all the phenol concentrations studied, confirming that meta-cleavage was taking place. In this study, the absorbance at 375 nm was found to increase with the increase of initial phenol concentrations, indicating the accumulation of 2-HMSA during the phenol degradation process, but complete degradation of 2-HMSA was achieved in all cases (Fig. 3a) . When the initial phenol concentration was increased to 420 mg•ℓ −1 , another peak started to appear at 292 nm. These spectral characteristics were consistent with those reported for 4-oxalocrotonate which was produced from the oxidation of 2-HMSA catalysed by 2-hydroxy muconic semialdehyde dehydrogenase (Adams and Ribbons, 1988; Banerjee and Ghoshal, 2010) . The appearance of the peak related to 4-oxalocrotonate was indicative of phenol degradation via the meta-cleavage pathway for all the phenol concentrations studied.
Increase of initial phenol concentrations from 630 mg•ℓ −1 onwards led to the emergence of another peak at 260 nm. This peak was indicative of the existence of cis, cis-muconic 698 acid originated from the ortho-cleavage pathway (Wu et al., 2004; Banerjee and Ghoshal, 2010) . Figure 3b shows that this intermediate compound was completely degraded in all cases studied, though complete degradation was only achieved at a relatively longer period for higher initial phenol concentrations. Thus, at higher phenol concentrations, simultaneous activation of catechol-1,2-dioxygenase and catechol-2,3-dioxygenase, which promote both ortho-and meta-cleavage pathways, respectively, was induced to enhance and facilitate phenol degra dation process. These findings were contrary to the observations made by Loh and Chua (2002) in their study with the pure culture of Pseudomonas putida ATCC 49451. They reported that catechol was initially oxidised via the orthocleavage instead of meta-cleavage pathways. Besides, simultaneous activation of catechol-1,2-dioxygenase and catechol-2,3-dioxygenase were induced at sodium benzoate concentrations of only 300 mg•ℓ ) in this study, as evidenced by the disappearance of the absorbance value at 375 nm in UV spectra and the COD removal efficiencies of close to 100% for all the batch experiments (Fig. 2b) .
Figure 3 Time courses of (a) 2-HMSA and (b) cis, cis-muconic acid concentrations for different initial phenol concentrations
Kinetic studies
The biodegradation of phenol has generally been known to be inhibited by phenol itself, especially at high concentration. Thus, the Monod kinetic model for non-inhibitory substrates is inadequate to predict the phenol biodegradation precisely. In this study, the Haldane model has been selected for describing the growth kinetics of phenol-acclimated activated sludge. The Haldane equation is given as:
( 1) where:
S o is the initial substrate concentration (mg•ℓ −1 ) µ max is the maximum specific growth rate (h A large K i value indicates that the microorganisms are less sensitive to substrate inhibition (Nuhoglu and Yalcin, 2005; Ho et al., 2009; Banerjee and Ghoshal, 2010) . The biomass concentration versus time (growth profile) during phenol degradation at various initial phenol concentrations is shown in Fig. 4 . The specific growth rate (μ) was then determined by performing a linear fit on the exponential growth phase of the growth profile.
The Haldane equation was used to fit the experimental data of μ versus S o using MATLAB 7.0.4 and the results are shown in Fig. 5 . The values of the three kinetic parameters generated from the fitting of the Haldane model are µ max = 0.920 h -1 , K s = 2.64 mg•ℓ −1 and K i = 2623 mg•ℓ −1 (R 2 = 0.998; SSE = 0.0008612; RMSE = 0.01109). The good fit of the experimental data to the Haldane model can be explained by the fact that the interim accumulated intermediates were completely degraded as soon as the phenol was degraded, as shown in Fig. 3 . Nuhoglu and Yalcin (2005) had found that these accumulated metabolic intermediates were capable of exerting an additional inhibition effect leading to the inadequacy of the Haldane equation.
The degree of substrate inhibition is more appropriately reflected by the K s /K i ratio rather than K i alone (Nuhoglu and Yalcin, 2005) . A greater degree of inhibition is reflected by the larger K s /K i ratio. The Haldane growth kinetic constants and K s /K i ratio obtained in this study were compared with those in other studies (Table 1) 699 values fall in the high end of the range of values reported in the literature, whereas the K s value lies at the low end. Thus, the results of the batch experiments indicated that low-strength phenol-acclimated activated sludge was able to grow in the initial phenol concentration range of 0-1 050 mg•ℓ −1 without experiencing any adverse inhibition, as illustrated by a relatively small K s /K i ratio. The relatively high K i value as predicted from the Haldane model ( Table 1 ) also indicated that phenol inhibition would only be initiated at phenol concentration higher that 2 600 mg•ℓ −1 . The near linearity of the data of phenol concentration versus time for various initial phenol concentrations reveals that the rate of phenol degradation may be described by zero-order kinetics. This can also be deduced from the Haldane model under the conditions of K s < S o < K i . The pseudo-zero-order rate constant of phenol removal (k Ph ) was determined from the slope of the linear plot and the mean value from an average of 2determinations; the R 2 value for each of the initial phenol concentrations studied is shown in Table 2 . It was observed that the fit became less satisfactory as the initial phenol concentration increased. The k Ph attained the highest value when the initial phenol concentration was 70 mg•ℓ . This trend is in agreement with what was observed for the specific growth rate, which achieved µ max at initial phenol concentration of 70 mg•ℓ −1 (Fig. 5 ) and can be used to explain the trend of SOUR values for phenolacclimated activated sludge shown in Fig. 1 . Thus, the effect of shock loading was felt at the initial phenol concentrations above 70 mg•ℓ −1 which was manifested in the gradually decreasing degradation rate constant. Nevertheless, the rate constant of phenol removal decreased by only 33%, despite an increase in the initial phenol concentration by 15 times from 70 to 1 050 mg•ℓ −1 , as shown in Table 2 .
CONCLUSIONS
With the use of low-strength phenol-acclimated activated sludge, complete degradation of phenol with a COD removal efficiency of more than 95% was achieved, up to an initial phenol concentration of 1 050 mg•ℓ , respectively.
The relatively small K s /K i ratio indicates low degree of inhibition in the phenol concentration range studied. The pseudozero-order rate constant decreased by only 33% even though the initial phenol concentration was increased by 15 times from 70 to 1 050 mg•ℓ −1
. Therefore, the activated sludge acclimated to phenol concentrations of 140 mg•ℓ −1 is anticipated to be able to treat wastewater containing phenol up to 1 050 mg•ℓ −1 without experiencing complete inhibition in actual practice, as predicted by the kinetic studies. 
